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Introduction
Optical and electrical properties of solids of conjugated polymers depend in an indirect, and therefore complicated way on the chemical structure: molecular conformation, arrangement and density of packing, and degree of order are all important. A relevant example is the observation of long-lived luminescence in cyano-substituted PPV by Samuel et al. [ 1, 2] , which has been ascribed by the authors to interchain excitations. It is likely that the presence of the cyano group will strongly affect the molecular organization, due to its size as well as its polar nature. MonteCarlo calculations of the arrangement of neighboring chain segments have been presented by Conwell et al. [3, 4] , and these suggest that cyano-substitution leads to interchain distances below 3.5 A, which is considered by the authors to be in favor of Figure 1 . The model compounds considered in this study.
the formation of interchain excitations that luminesce rather than that they constitute a non-radiative trap.
Unfortunately, the molecular organization in a polymeric solid is not accessible in detail, and, moreover, it is very inhomogeneous a priori.
It is therefore not possible to confirm the calculated structures and to relate these to luminescence properties in a straightforward manner. The objective of this paper is to demonstrate that insight can be gained by using suitable model compounds. These exhibit very much the same phenomena but the results can be interpreted in a much more convincing manner since the structures are known in detail.
Experimental
Ooct-OPVS was synthesized via a Wittig reaction [5] . Ooct-OPVS-CN' and Ooct-OPVS-CN" (see figure 1 for notation) were prepared via a Knoevenagel condensation [6] . Single crystals were obtained by precipitation from a solution in a mixture of solvents (THF/methanol or chloroform/n-hexane), which was slowly evaporated at room temperature. An EnrafNonius CAD4F diffractometer was used for structure determination at 130 K (monochromatized MO-K, radiation, 50 kV, 40 mA). Thin films on glass substrates were prepared by evaporation from a molybdenum boat at < 10" mbar and a temperature just above the melting point of the oligomer.
DOPY was synthesized via a Wittig-Homer reaction of 4-dodecyloxybenzaldehyde and diethyl-4-iodobenzylphosphonate, followed by a Heck-reaction with 4-vinylpyridine.
UV-vis absorption spectra were obtained on an SLM Aminco 3000 Array spectrophotometer, photoluminescence spectra on a Perkin Elmer LSSO-B spectrofluorometer with a pulsed Xe lamp. Luminescence lifetime measurements were made by time-correlated single-photon counting. Excitation at [lo] . Our group reported the single-crystal structures for Ooct-OPVS [5] as well as for Ooct-OPVS-CN' [6] . Ooct-OPVS-CN", which has its cyano substituents at the ourer position of the central vinylene linkages, has a crystal packing which is very different from that of Ooct-OPVS-CN' [6] . As figure 3 illustrates, the nearest-neighbor (u-axis related) molecules are separated by a distance of approximately 3.5 A, and when viewed perpendicular to the central ring, there is a displacement along the long axis only, amounting to approximately half a phenylene-vinylene unit. This arrangement allows strong overlap of the aromatic systems (n-stacking); significant n-n interactions between neighboring molecules are to be expected. Overall, the molecule looks planar. The central and end rings are nearly in the same plane, while the penultimate ring is somewhat tilted with respect to this plane. The cyano group is almost in the plane of the central ring. The molecule has a slight S-shape due to the way the vinylene linkages are arranged. The octyloxy chains are extended nearly perpendicular to the molecular axis, in the plane of the aromatic backbone.
In the structural studies of OPV3's carrying hexyl chains on the central ring, Hohloch et al. [lo] have also presented data for both types of cyano substitution. For their compounds, the twist angles between the rings are much larger, in the range 4%50". Moreover, the cyano groups are rotated further away from the ring planes. Most importantly, this leads to highly nonplanar molecules, and the P2Jc unit cells found for both compounds contain molecules in two different orientations. The n-overlap between two molecules related by a cell edge translation is limited to the ultimate phenylene-vinylene units, which face each other at a distance of 3.6 A.
The striking differences in molecular packing between the compounds studied by Hohloch et al. and ours should be ascribed to the nature of the substituents on the middle ring, rather than to the length difference of the aromatic systems. Our conclusion is based on the finding that a n-stacking arrangement very similar to the one described above for Ooct-OPVS-CN" has been found for the analogous three-ring compound Ooct-OPV3-CN" [ 111. The larger steric requirement of the Iirst methylene unit of the alkyl tails compared to the ether oxygen in the alkoxy tails results in a much stronger non-planarity of the aromatic backbones in alkyl-substituted OPV's (the more so when cyan0 groups are present). This agrees with our finding that octyloxysubstituted compounds have a higher crystal density than the corresponding octyl-substituted ones, in spite of the fact that the octyloxy tail is longer: Ooct-OPV3: 1.162 g cmm3; act-OPV3: 1.078 g cm"; Ooct-OPVS-CN":
1.171 g cm-'; act-OPV3-CN": 1.104 g cme3. For the CN"-type compounds (cyan0 group not directly adjacent to the central ring), alkoxy substitution allows a cofacial arrangement of neighboring aromatic systems, with a large projected overlap and at a close distance, to be realized. 
Optical properties of crystals and films of OPV's
For the three octyloxy-substituted live-ring oligomers, the normalized photoluminescence spectra of the single crystals are depicted in figure 4 . For Ooct-OPVS and Ooct-OPVS-CN', the PL spectra show vibrational structure characteristic of singlemolecule luminescence. In addition, the PL lifetimes for the single crystals, 1.0 and 2.2 ns respectively, are typical values reported for small organic dyes. On the basis of the molecular packing in the crystal structures, one does not expect significant R-X interaction for either of the two compounds. The observation of luminescence originating from an intramolecular excitation agrees with these conclusions.
For Ooct-OPVS-CN", the molecular organization in the single crystal lattice is such that n-x interactions between neighboring molecules are likely to occur (Figure 3 ). This is in line with the emission properties of the Ooct-OPVS-CN" single crystals, which differ significantly from those of the other two oligomers. The luminescence spectrum is featureless and redshifted in comparison with that of its isomer Ooct-OPVS-CN'. Secondly, the PL lifetime, = 8 ns, is significantly longer. This behavior is similar to that reported for cyano-PPV films, which was attributed to excimer luminescence originating from interchain excitations [ 1, 2] . An excimer is a pair of identical planar molecules in a cofacial arrangement, formed as a result of attractive interactions arising upon excitation of one of the molecules, which have a repulsive (closed-shell) interaction in the ground state. In the excimer, there is n-orbital overlap between the molecules and a single wave function describes the electronic state of the pair. Consistent with this, the molecules are separated by 3-4 8, [ 12,131. In the case of polymers, the excimer is thought to be formed by planar conjugated chain segments of two or more polymer chains which are parallel to each other and separated by a distance smaller than 4 A to allow x-orbital interaction. Characteristics of excimer luminescence are the absence of vibronic features, and the long radiative lifetime, caused by the symmetry-forbidden nature of the transition. absorption spectra of the Ooct-OPVS-CN" films are somewhat red-shifted relative to the solution spectrum. This supports our interpretation that the emission is indeed from an excimer and not merely the result of an H-aggregate type of packing [14] : the dipolar interaction that causes splitting of the levels in an Haggregate would lead to a blue shift in absorption, whereas a red shift is observed. Annealing an as-deposited film at 160 "C for 5 minutes resulted in the formation of small needle-like crystallites, suggesting an enhanced molecular orientation and an increase of the crystalline fraction. This is found to have only a minor effect on the appearance of the absorption spectrum.
The emission spectra of the Ooct-OPVS-CN" films are intermediate between the single-molecule luminescence in solution and the excimer luminescence associated with the crystal lattice. Apparently, for the as-deposited and annealed films there are contributions from both a disordered and an ordered (crystalline) morphology. The PL spectrum of the as-deposited film (B) shows vibrational features, common for single-molecule luminescence, indicating that the contribution from the disordered fraction is dominant. For the annealed film (C), a broad and featureless composite spectrum is observed, due to a larger contribution from the crystalline fraction.
The disorder-to-order transition is also clearly reflected in the time-resolved PL-decay curves. For Ooct-OPVS-CN" in solution and the single crystal, single-exponential decay curves were observed corresponding to PL lifetimes of 1. molecules that form a monolayer on a water surface. Accordingly, we have prepared the molecule DOPY shown in figure 6 , which resembles three-ring OPV's but differs in that it has one of the end rings replaced by the more hydrophilic pyridine ring. The pyridine ring will reside at the film-water interface. In figure 7 , optical spectra of DOPY in solution and in LBfilm are compared. The combination of strongly blue-shifted absorption and strongly red-shifted emission of the film relative to the solution points to the existence of H-aggregates in the film. The substantial spectral shifts imply that the axial displacement between neighbor molecules cannot be large; i.e., their axes do not deviate significantly from the film normal, which is in line with the area found from the isotherm. 
Conclusion
Our study of model compounds illustrates how the nature of the excitations in conjugated molecules may be modified by intermolecular interactions in condensed phases. In x-stacks with distances below 4 A, excimers are likely to be formed: the excited state is shared by two or more molecules. Already at a larger intermolecular separation, energy level shifts may occur as a result of dipolar interactions for certain molecular arrangements, the H-aggregates found in LB-films being a good example. Control of the juxtaposition of conjugated molecules (or: segments in a polymer) therefore remains a key issue; it may be obtained through a judicious choice of steric and specific intermolecular interactions.
